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Abstract 
Bladder sub-urothelial myofibroblasts may modulate both sensory responses from the bladder wall 
and spontaneous activity. This study aimed to characterise further these cells in their response to 
exogenous agents implicated in mediating the above activity. Detrusor strips, with or without 
mucosa, and isolated sub-urothelial myofibroblasts were prepared from guinea-pig bladders.  
Isometric tension, intracellular Ca2+ and membrane current were recorded. Cell pairs were formed by 
pushing two cells together. Tension, intracellular Ca2+ and membrane potential were also recorded 
from bladder sheets using normal or spinal cord-transected (SCT) rats.  Spontaneous contractions 
were greater in detrusor strips with an intact mucosa, and was augmented by 10 µM UTP. ATP, UTP 
or reduced extracellular pH elicited Ca2+ transients and inward currents (Erev -30 mV) in isolated 
cells.  Capsaicin (5-30 M) reduced membrane current (37±12% of control) with minor effects on 
Ca2+ transients: Na nitroprusside reduced membrane currents (40±21% of control).  Cell pair 
formation, without increase of cell capacitance, augmented ATP and pH responses (180±58% of 
control) and reduced the threshold to ATP and acidosis.  Glivec (20-50 µM) reversibly blocked the 
augmentation and also reduced spontaneous activity in bladder sheets from SCT, but not normal, rats. 
Glivec also disrupted the spread of Ca2+ waves in SCT sheets generating patterns similar to normal 
bladders. Sub-urothelial myofibroblasts respond to exogenous agents implicated in modulating 
bladder sensory responses; responses augmented by physical intercellular contact. The action of 
glivec and its selective suppression of spontaneous activity in SCT rats identifies a possible pathway 
to attenuate bladder overactivity. 
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Introduction 
The cellular pathways involved in the sensation of bladder volume are incompletely understood.  An 
important advance was the observation that stretch of the bladder wall, or a change of transmural 
pressure, generated ATP release (10). Subsequently, in the urinary tract ATP was shown to be 
released from the urothelium under these circumstances (15). It was hypothesised that ATP would 
ultimately excite bladder afferents and signal the extent of bladder filling to the central nervous 
system.  This hypothesis was given credence when nerve firing in bladder afferents and the 
micturition reflex itself were reduced in P2X3 knockout mice (6, 29).  Other substances are also 
released from the urothelium during stretch, including NO which may attenuate afferent firing (2).  
Activation of TRPV channels has also been implicated in mediating bladder sensory responses (20), 
and indeed modulation of receptor function by vanilloid receptor ligands such as capsaicin and 
resiniferatoxin have been tested to reduce pathological bladder overactivity (7). A reduction of pH 
and temperature activate these receptors (4) and their involvement in provoking abnormal sensory 
activity and pain in the bladder has been proposed. 
 
More recently a layer of interstitial cells situated immediately below the urothelium, with the 
characteristics of myofibroblasts, has been identified, and individual cells form close connections to 
sub-urothelial nerves (30).  These cells form a syncitium, connected by gap junctions (26), and 
respond to exogenous ATP by generating intracellular Ca2+ transients and a consequent Ca2+-
dependent Cl- current (32).  They are thus ideally situated, and have the functional characteristics, to 
mediate in the above sensory process. Similar cells in the muscle layer are innervated by fibres that 
increase cellular cGMP, and may also release NO (25).  More recently NO-dependent cGMP 
generation has also been measured in these sub-urothelial cells (11).  If these sub-urothelial 
myofibroblasts do indeed modulate the sensory process they may be expected to respond not only to 
ATP, but also these other chemical mediators.  The aims of this study were: to investigate further the 
cellular physiology of isolated sub-urothelial myofibroblasts; to determine if their properties were 
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altered when in proximity to neighbours. Finally, interventions were identified using isolated cells 
that could be used to gain insight into myofibroblast function in the intact bladder by measuring 
spontaneous waves of Ca2+ and membrane potential activity using optical imaging.  Guinea-pig 
preparations were used for the isolated cell experiments and rats for optical mapping measurements 
as we have previous experience with these respective animal models. 
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Materials and Methods 
Cell preparation.  Male guinea-pigs (300-400 g) were killed in accordance with the UK Animals 
(Scientific Procedures) Act 1986, the bladder rapidly removed and placed in a Ca-free medium.  
The urothelium/suburothelium was separated from the underlying detrusor layer by blunt dissection 
under x10-20 magnification.  Samples were digested at 37°C with a nominally Ca-free collagenase-
based medium, described previously for the preparation of isolated human detrusor myocytes (19) 
with constant stirring for 30 minutes.  After treatment the tissue was partially disrupted by gentle 
trituration and two main cell types could be seen under a light microscope; a) large round urothelial 
cells and b) and a layer of ovoid or spindle-shaped cells, with or without one or more dendrite-like 
structures.  The latter cells were used for experimental recording.  In some preparations the detrusor 
layer was disrupted similarly to yield isolated smooth muscle cells. 
 
Solutions. The Ca-free solution had the following composition (mM): NaCl, 105.4; NaHCO3, 22.3; 
KCl, 3.6; MgCl2, 0.9; NaH2PO4, 0.4; HEPES (n-2-hydroxyethylpiperazine-n'-2-ethane sulphonic 
acid), 19.5; glucose 5.4; Na pyruvate, 4.5, pH 7.1. For experiments cells were superfused with 
Tyrode’s solution (mM): NaCl, 118; KCl, 4.0; NaHCO3, 24; NaH2PO4, 0.4; MgCl2, 1.0; CaCl2, 1.8; 
glucose, 6.1; Na pyruvate, 5.0; gassed with 5% CO2-95% O2, pH 7.4.  For low-pH solutions NaHCO3 
was replaced with 10 mM MES (2-morpholino-ethanesulphonic acid) plus 14 mM NaCl, and titrated 
with NaOH to pH between 4.8 and 5.5.  Aliquots from stock solutions of Na3 uridine triphosphate 
(UTP, in water), and capsaicin (in DMSO) were dissolved in Tyrode’s solution to achieve the desired 
concentrations.  Na nitroprusside (SNP) was added as a solid to Tyrode’s solution.  All chemicals 
were from Sigma, except the fluorescent dyes for optical imaging experiments (Molecular Probes).  
Glivec (imatinib mesylate) was a gift from Novartis. All experiments were carried out at 37°C. 
 
Tension recording.  Strips of detrusor (<1 mm diameter; 3-4 mm length) were cut from the dome, 
without first removing the mucosa, tied to an isometric force transducer and superfused with 
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Tyrode’s solution and the preparation left for about 30 minutes to allow spontaneous contractions to 
develop.  Agonists were added to the superfusate to achieve the desired concentrations.  After 
recordings the muscle was slackened, the mucosa gently removed by blunt dissection and the muscle 
then stretched to the previous length (measured with a Vernier scale on the micromanipulator holding 
the force transducer.  The preparation was left a further 30 minutes and recordings again commenced. 
At the end of the experiment the muscle length was recorded and then weighed.  Muscle volume was 
calculated assuming a tissue density of 1.05 and mean cross-sectional area then calculated. 
 
Electrophysiology.  Recordings were made using patch-type pipettes (3-4 MΩ) made from borosiliate 
glass and filled with a Cs-filling solution (mM): CsCl 20; aspartic acid, 110; MgCl2, 5.45; Na2ATP, 
5.0; Na4GTP, 0.1; EGTA, 0.1; HEPES, 5.0, pH to 7.1 with CsOH. An Axopatch 1-D system (Axon 
Instruments) was used for experiments: data were recorded via an A/D converter (Digidata 1200, 
Axon Instruments) at 4 kHz, and filtered with a low-pass filter of cut-off frequency 2 kHz. Cells were 
maintained at a holding potential, Vh, of -60 mV for experiments as this is close to the average resting 
membrane potential (32).  Cell capacitance, cm, was measured by integrating the voltage response to a 
small current injection. Ionic currents was normalised to cell capacitance as pA.pF-1.  
 
Measurement of the intracellular [Ca2+], [Ca2+]i. Electrophysiological data and [Ca
2+]i were 
recorded simultaneously in some experiments.  In this case 100 µM K5 Fura-2 was added to the 
pipette filling solution; the [EGTA] was 50 µM.  These concentrations of Ca2+ buffers contribute 
about 10% to the total Ca2+-buffering power of detrusor smooth muscle cells (31), and a similar 
proportion was assumed in these experiments. Cells were excited at 340/380 nm at 50 Hz and the 
fluorescence intensity recorded between 410-480nm.  The Fura-2 signal was calibrated using 
solutions of varying [Ca2+] in the absence of cells as described previously (32). 
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Experiments with whole bladders. Adult rats (4 month-old) were euthanised with inhalational CO2 
after anaesthetisation with 2.5% halothane and the bladders removed.  A group of rats underwent 
spinal (T8/T9) cord transection (SCT) as described previously (16) and bladders similarly removed.  
Bladders were canulated with a 22-gauge needle and loaded intravesically with voltage- (10 M di-4-
ANNEPS, 15 minutes, 25C) and Ca2+- (5 M Rhod-2-AM, 15 minutes, 37C) sensitive dyes.  After 
dye loading the canula was removed and the bladder cut from neck to dome on the ventral surface to 
produce a sheet, mucosa uppermost.  The sheet was fixed to anchored pins at the neck end and tied to 
an isometric force transducer at the dome end, to record tension transients.  The preparation was 
superfused (0.5 ml.min-1) with a modified Tyrode’s solution (mM): 113 NaCl, 4.7 KCl, 2.5 CaCl2, 
1.2 MgSO4, 25 NaHCO3, 1.2 KH2PO4, 11.5 glucose; at pH 7.4, bubbled with 95% O2-5% CO2.  
 
Ca2+ and membrane potential (Vm) were recorded from the preparation surface using an optical 
imaging system, as described previously (13). Briefly broad-spectrum white light was passed through 
a 54040 nm excitation filter and focussed on the preparation. Fluorescence was directed to a 635 nm 
long-wave pass dichroic mirror, light of shorter wavelengths was reflected to the Ca2+ camera and 
light of longer wavelengths transmitted to the voltage camera.  Each of the 16x16 photodiode array 
camera elements has a sensing area of 0.95 mm2 and an inter-pixel spacing of 1.1 mm. Photodiode 
array outputs were amplified (1-1000 times), digitized (14 bits) and sampled (4 kHz) for up to 60 s; 
signal:noise ratio ~200:1. Cross-correlation of Ca2+ and Vm waveforms allowed transients with the 
earliest rise-time to act as initiators, and determine delays in other transients.  Propagating Ca2+ and 
Vm waves were constructed from isochrones linking points of equal delays at different pixels. 
 
Data presentation and calculations.  Data are means±s.d (n=number of experiments).  Significance 
between data sets was tested using unpaired or paired Student’s t-tests; the null hypothesis was 
rejected at p<0.05. 
Results 
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Responses of isolated cells, tissue strips and whole bladders to exogenous nucleotides.  Sub-
urothelial myofibroblasts responded to exogenous nucleotides by generating a transient increase of 
intracellular Ca2+ and an inward current. Figure 1A shows the responses to 100 µM UTP, similar to 
those generated with ATP (32), namely a Ca-transient immediately followed by an inward current at 
the holding potential of -60 mV – the temporal relationship between the two variable is seen more 
clearly in the inset traces. 
 
Their relevance to functional bladder responses is illustrated in figure 1B.  Tension was recorded in 
an unstimulated detrusor strip with an intact mucosa, and after about 30 mins regular spontaneous 
contractions appeared.  Addition of UTP (10 M) increased contractile activity, through an increase 
of frequency and in this example the average amplitude of the contraction.  After washout of UTP 
and brief exposure to carbachol to evoke a muscle response the mucosa was carefully dissected away 
from the preparation.  Now spontaneous activity was abolished and UTP failed to evoke a response, 
similar observations were seen in six preparations.  However, exposure of the mucosa-free 
preparation to carbachol still evoked a similar magnitude contracture showing that the loss of 
spontaneous activity was not due to muscle damage during mucosa removal; in the example the 
muscle also responded to a high-K solution (80 mM KCl).  The frequency and magnitude of 
contractions were recorded for three-minute periods before and during UTP exposure.  With an intact 
mucosa, UTP increased significantly (paired t-test) frequency (2.1±1.1 vs 2.8±2.1 min-1): on average 
mean amplitude was not increased significantly (18.3±12.9 vs 20.9±16.2 mN.mm-2).  However the 
product of mean force and frequency, which reflects overall muscle contractile performance, was 
increased (29.9±23.2 vs 51.5±35.3 mN.mm-2.min-1, paired t-test). 
FIGURE 1 NEAR HERE 
 
Responses to low pH.  In response to an extracellular acidosis isolated myofibroblasts generated 
similar responses as to a nucleotide, figure 2A, in general responses were elicited over the range pH 
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5.5 to 4.5.  Figure 2B shows a series of successive low pH exposures in a single cell; as holding 
potential was varied between -60 and + 20 mV.  Current reversed between -30 and -20 mV, and 
figure 2C shows the current-voltage relationship with a reversal potential of -29 mV and a slope 
conductance of 3.8 nS.pF-1; similar results were seen in four cells.  The similar characteristics of the 
low-pH and nucleotide-evoked responses (32) imply that they are elicited through similar 
mechanisms, i.e. an increase of intracellular Ca2+ and generation of a Ca2+-activated current.   
FIGURE 2 NEAR HERE 
 
Modulation of ATP-dependent transients.  Nitergic fibres have been hypothesised to influence the 
activity of suburothelial myofibroblasts (25): thus, the effect of NO-donors on ATP-induced 
phenomena was examined.  Figure 3A shows that 1 mM Na nitroprusside attenuated reversibly the 
ATP-induced inward current; overall, current was reduced to 40±21% (n=4) of control. 
 
Capsaicin and its derivatives eventually suppress overactive bladder behaviour when infused into the 
lumen (8,28).  It was therefore of interest to determine if capsaicin would influence myofibroblast 
function. Figure 3B shows simultaneous recordings of intracellular [Ca2+] and membrane current in 
an isolated cell.  Capsaicin (5 µM) had only a small effect on the magnitude of the Ca2+-transient, but 
attenuated profoundly the inward current; similar observations were made in four further experiments 
with 30 µM capsaicin.  In control observations the magnitude of the ATP-evoked inward current was 
dependent on the rate of rise of the Ca2+-transient, however in these eight, paired experiments the 
rise-time of the Ca2+-transient (10-90% of peak value) was similar in the absence and presence of 
capsaicin (0.4±0.1 vs 0.5±0.2 s, respectively). On average capsaicin reduced peak current to 37±12% 
of control, whilst the Ca2+-transient was reduced to only 87±7% control.  The total net charge carried 
by the inward current transient was also estimated by integrating the current trace over a 50s interval.  
There was a similar conclusion; capsaicin reduced net charge to 35±13% of control. Thus, capsaicin 
reduced ATP-generated inward current magnitude independent of the Ca2+-transient. 
 10 
FIGURE 3 NEAR HERE 
Augmentation of responses in cell pairs.  The response of an isolated interstitial cell to exogenous 
activators was altered when the cell made physical contact with a second cell.  Figure 4A shows an 
experiment whereby an ATP response was elicited initially from a myofibroblast.  The cell was then 
moved with the patch electrode, but with the seal remaining in place, until it made gentle contact with 
a second cell and an ATP response again elicited; this was of similar size to the initial response.  The 
two cells were then forced to a closer contact, after which a much larger ATP-dependent transient 
current was evoked.  Figure 4B shows a continuous recording of a similar experiment when a 
myofibroblast was pushed this time against a detrusor smooth muscle cell.  Initially only 
myofibroblasts were in the perfusion bath and in one cell the responses to two exposures of 30 µM 
ATP were recorded.  At the point indicated, a drop of superfusate containing detrusor myocytes was 
added to the bath and when these had settled on the chamber base the interstitial cell was pushed to 
make a close contact with a myocyte (labelled cell pair).  At the time of initial contact a large 
spontaneous current transient was recorded.  However, in contrast to figure 4A, successive exposures 
to the same concentration of ATP did not generate an augmented response compared to that from the 
isolated cell.  Thus, the augmentation of the response by cell-pair formation is specific to 
myofibroblasts. 
FIGURE 4 NEAR HERE 
 
Cell capacitance, ATP responses and cell pairs. Figure 5A plots results from 29 experiments 
showing the inward current transient magnitudes elicited immediately before and after cell pair 
formation; currents were normalised to unit cell capacitance and were significantly increased after 
cell pair formation. The percentage increase of current was independent of cell capacitance (r2=0.032, 
p>0.05) and had a mean value of 180±58 % control. 
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One explanation for the enhanced response in the cell pair is that gap junctions form between the two 
cells so that the patch electrode records from a larger cell membrane area.  Figure 5B shows a sample 
experiment where ATP-dependent inward currents were recorded before and after cell pair formation.  
The breaks in the current trace represent times when cell capacitance (and hence membrane area) was 
estimated and shows that the value remained constant throughout the experiment. The average cell 
capacitance in 29 cells was 13.6±6.8 pF before, and 12.9±6.9 pF after cell pair formation. There was 
no evidence of gap junction formation during establishment of cell pairs, and thus the enhanced 
current was elicited from the same membrane area. 
FIGURE 5 NEAR HERE 
 
Cell pairs and the threshold of activation.  The above data showed that responses to agonists such as 
ATP and low pH were augmented by close contact with a neighbour.  In addition, the threshold 
concentration required to elicit a response was also reduced in cell pairs.  Figure 6A shows an 
example where 7.5 µM ATP failed to elicit inward current in an isolated cell.  However, when 
touched onto a second cell a large response was elicited, which was again absent when the cells were 
separated.  A similar phenomenon was observed with responses to low pH (figure 6B), when a single 
cell failed to respond to a solution of pH 5.50 but a response was elicited when a cell pair was 
formed.  With this experiment the process could be repeated as the response was almost abolished 
when the cell pair was broken, by withdrawing the recording cell, but re-established when it was 
again touched onto the second cell. 
FIGURE 6 NEAR HERE 
 
The action of glivec on the augmentation of responses in cell pairs.  The above data suggest that 
augmentation of agonist responses in cell pairs is not due to gap junction formation, but may involve 
other coupling mechanisms, such as adherens junctions. These junctions interact with the 
cytoskeleton and augment intracellular pathways that involve for example tyrosine-receptor kinases 
(3).  Glivec is an agent that inhibits such receptors and also reduces bladder spontaneous activity (1).  
 12 
Thus, the effect of glivec on augmented nucleotide responses after formation of cell pairs was 
measured.  Figure 7A shows an experiment when an ATP response was elicited initially in a single 
cell; the cell was then exposed to glivec, which generated no response per se. A cell pair was formed 
with further exposures to ATP: augmentation of the ATP response was now absent (94±50 % control 
(n=24).  In parallel experiments, the glivec solvent alone (DMSO, 1:1000 v/v) was added before cell 
pair formation (figure 7B): ATP responses were augmented (190±66% of control, n=8) to a similar 
degree as in the absence of DMSO. 
 
In some experiments ATP responses were also elicited in cell pairs after removal of glivec (figure 
7A), to measure any recovery from the agent.  Analysis was complicated, in some preparations, by 
natural run-down of the response with a mean rate constant of 9.2±2.5x10-4 s-1 (=1087 s; n=12).  
When correction was made for run-down, the post-glivec ATP response in cell pairs was 156±55 % 
of control (n=12).  This value was significantly (p<0.05) greater than in the presence of glivec, but 
not different from the DMSO response: the data for the effects of glivec are summarised in figure 7B. 
FIGURE 7 NEAR HERE. 
 
Action of glivec in isolated rat bladders.  The functional significance of the above responses to 
nucleotides and other stimuli, and their modulation in cell pairs, especially in regard to the 
development of spontaneous activity was examined. This was done by measuring the effect of glivec 
on responses from whole bladder sheets.  We showed previously that in spinal-cord transected (SCT) 
rats not only was there an increase in the magnitude and coordination of spontaneous whole-bladder 
activity, but also the population of Cx43-labelling suburothelial myofibroblasts (12). Spontaneous 
pressure transients were accompanied by propagating Ca2+ and membrane potential (Vm) waves 
across the bladder surface, that in the SCT-derived bladders were equally coordinated (12, 13).  We 
therefore tested the effect of glivec on these spontaneous activities in normal and SCT rats.  Figure 
8A shows sample effects of 30 M glivec on spontaneous contractile activity in bladders from 
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normal and SCT animals.  In normal animals glivec had no significant effect on the frequency or 
amplitude of contractions, however in SCT rats the amplitude was reduced by 55±9% (n=3).  
 FIGURE 8 NEAR HERE 
 
Optical imaging of bladder sheets measured simultaneously fluorescence transients from Ca2+ and 
Vm-sensitive dyes from 252 sites.  Maps of isochronal activity were constructed from these transients 
using the earliest transient as an initiation point. To quantify the observations the conduction 
velocities of the Ca2+ and Vm waves were calculated as an average velocity within a small radius 
(<1.5 mm) from an initiation point, the small radius avoided signal contamination from other focal 
points.  Figure 8B shows three Ca2+ isochronal maps of spontaneous activity from the mucosal 
surface. The first is from a normal adult rat bladder and shows several focal areas of activity (white 
regions): glivec (30 µM) had no effect on the pattern of activity in such maps.  The second map is 
from a SCT rat bladder and shows only one focal area (see also (12)) and more co-ordinated 
conduction across the bladder surface, as evidenced by fewer isochronal lines compared to the 
normal rat bladder.  The final map shows the effect of 30 µM glivec on the SCT rat bladder: the 
isochronal map exhibited more initiation sites.  Conduction velocities of Ca2+ waves in normal and in 
SCT rat bladders were 2.0±0.8 and 7.0±5.6 mm.s-1 respectively (n=7, both groups).  Glivec reduced 
significantly the value in SCT bladders to 1.2±1.0 mm.s-1 (n=5), a value similar to that for normal 
adult rat bladders.  By contrast, Vm conducting velocities were unaffected in normal and SCT rat 
bladders bladders.  In SCT rat bladders, conduction velocities were 13.0±11.4 (n=7) and 6.2±3.4 
(n=5) mm.s-1 in the absence and presence of 30 µM glivec.   
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Discussion 
These experiments have shown that the nucleotide responses elicited by sub-urothelial 
myofibroblasts from the bladder wall may be duplicated or modified by several agents and conditions 
that have been proposed to modify sensory responses from the bladder.  In addition, these responses 
were augmented when cells touched each other. This is a state in which these cells will exist in the 
bladder wall itself, especially under some pathological conditions when bladder activity is increased 
(12). This augmentation in turn was abolished by glivec, a c-kit inhibitor.  Glivec also reduced 
spontaneous contractile activity in isolated bladders, as well as associated waves of Ca2+ that spread 
over the bladder surface.  Taken together the data are consistent with the hypothesis that 
myofibroblasts can affect activity in the bladder and play a role in the perception of sensations 
associated with bladder filling. 
 
Myofibroblast functional receptors.  Previous studies showed that exogenous ATP evoked an 
intracellular Ca2+ transient followed by generation of a Cl- current (32).  Because the Ca2+ transient 
occurred independently of membrane potential it was hypothesised that the functional receptor was a 
P2Y subtype.  Subsequently, fluorescent immunolabelling demonstrated strong binding for P2Y6 
antibodies, with weaker binding for P2Y2 and P2Y4, but with none for P2Y1 (27). The lack of P2Y1 
binding was consistent with a lack of effect of P2Y1 antagonists on evoked responses (32).  However, 
the fact that UTP generates equivalent responses to ATP is not entirely consistent with a predominant 
P2Y6 subtype (22). This might suggest that heterogeneous P2Y receptors are functionally active, or 
that intensity of fluorescent signals is no indication of the functional importance of a receptor 
subtype. 
 
A reduction of extracellular pH also generated Ca2+ and membrane potential transients: the current 
reversed at about -30 mV consistent with it being a Cl- current with the extracellular and pipette 
filling solutions used here, and so the responses mirror those evoked by nucleotides.  Vanilloid 
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receptors have been located on suburothelial bladder myofibroblasts (21), however capsaicin had 
differential effects on the Ca2+ and current transients, attenuating the latter to a much greater extent.  
If capsaicin is acting via a TRPV channel it may be hypothesised that its activation may modulate the 
nucleotide-dependent excitation of the cell.  The difference of response to low-pH and capsaicin 
interventions also suggests that they act through different mechanisms and that the former may 
activate the pathway that is stimulated by P2Y receptor activation.  The NO donor Na nitroprusside 
also attenuated Ca2+ and current responses to ATP.  The mechanism is not known but may represent 
modulation of this central pathway by cGMP.  Overall these experiments suggest that an increase of 
intracellular Ca2+ evoked by various exogenous activators is the primary response of the cell, which 
generates secondary electrical activity.  Each of these processes may be separately modulated. 
 
Augmentation of cellular responses by physical contact. A consistent observation was that when two 
myofibroblasts were physically pushed together the response to exogenous nucleotides or low pH 
solutions was significantly increased.  Moreover, there was a reduction of the threshold concentration 
required to evoke a response.  The effect was specific between two similar cells as it was absent 
when a myofibroblast was pushed against a detrusor muscle cell for example.  The simplest 
explanation was that gap junctions would form between the two cells and thus increase the effective 
membrane area under voltage-clamp.  However, the membrane capacitance of the preparation did not 
increase indicating that the augmented response came from the same membrane area, and hence 
presumably from the same single cell.  Glivec, a c-kit receptor antagonist, however abolished this 
augmentation.  This was not mere run-down of the response as when the agent was removed an 
enhanced response was recorded. 
 
Cadherin proteins are vital components of adherens junctions, and recently E-cadherins have been 
identified in suburothelial myofibroblasts (18).  Cadherins are not just structural proteins but regulate 
intracellular signalling pathways in many cells, in particular through modulation of PLC subtypes, 
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such as PLC-, and inositol phospholipid pathways (5, 7, 14).  Equally c-kit is a receptor-protein 
tyrosine kinase that can regulate several intracellular pathways including those described above (23, 
24).  The mechanism of interaction between these two converging pathways in these myofibroblasts 
is unclear but they cannot be two linearly independent pathways, as glivec alone had no depressant 
effect on ATP-induced signals, but did abolish the augmentation generated by cell pair formation. 
 
Experiments with whole bladder sheets.  Because glivec had such a profound effect on ATP-
generated responses in myofibroblasts, it might be expected to alter whole-bladder responses if these 
cells have a significant role.  Previous studies showed that glivec abolished spontaneous contractile 
and electrical activity in isolated detrusor preparations (1, 17).  Our experiments found no effect in 
isolated bladders from normal adult rats, but did have a significant effect in those from spinal-cord 
transected (SCT) animals that show greatly enhanced spontaneous contractions.  SCT animals also 
have a significant increase of sub-urothelial myofibroblasts as evidenced by an increase of connexin-
43 immunolabelling (12).  Thus, if myofibroblasts were important in determining the generation of 
co-ordinated spontaneous contractions, a rise of their number would indeed increase such activity, 
and their inhibition by glivec would reduce this effect.  It must be stressed that c-kit myofibroblasts 
are found at other locations in the bladder, in particular between detrusor cells and muscle bundles 
(9), and these also are upregulated in SCT rats (12).  Thus these experiments do not provide 
unequivocal evidence for a role of suburothelial myofibroblasts. 
 
In addition to reducing spontaneous contractile activity in SCT rat bladders, glivec also reduced the 
extent and coordination of Ca2+ wave activity in the bladder.  Most significantly activity was altered 
from there being a single focal source of activity to one in which it was more reminiscent of normal 
adult bladders that consisted of multiple focal points that failed to generate co-ordinated large 
spontaneous bladder contractions.  We have proposed previously that myofibroblasts provide the 
focus to generate spontaneous activity (13) and that an increase of their number would enhance this 
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co-ordination.  The absence of an effect of glivec on membrane potential waves might imply that the 
effect is not mediated by gap junction modulation, a conclusion mirrored in the absence of gap 
junction coupling in isolated pairs of myofibroblasts 
 
In conclusion, we have shown that suburothelial myofibroblasts generate intracellular Ca2+ and 
electrical responses to several physiological and artificial interventions that are known to influence 
bladder activity either directly or through activation of sensory mechanisms.  These response are 
significantly increased by physical connection between adjacent cells, as would occur in their natural 
setting.  Such augmentation may depend on the formation of adherens junctions, rather than gap 
junctions, but such gain-of-function is reduced by blockade of receptors that may have intracellular 
convergence on second messenger/Ca2+ signaling pathways.  Because an increase of myofibroblast 
number is associated with increased spontaneous activity in bladders, downregulation of this 
mechanism, as with glivec for example, can offer a novel route to attenuate pathological contractile 
function, such as is associated with neurological disease in humans. 
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Figure legends 
Figure 1.  Responses of bladder isolated preparations to uridine triphosphate (UTP). A: The effect of 
100 M UTP on an isolated suburothelial myofibroblast: holding potential, Vh, -60 mV.  The period 
of intervention in this and all subsequent figures is shown by the horizontal bar above or below the 
traces.  B. Top: tension recording from a detrusor strip with intact mucosa showing spontaneous 
activity before and after exposure to 10 µM UTP.  After UTP washout the preparation was exposed 
to 1 µM carbachol.  Bottom: the same strip after removal of mucosa.  After UTP intervention the 
muscle was again exposed to 1 µM carbachol and also 80 mM KCl Tyrode’s solution. 
 
Figure 2.  pH-evoked current in suburothelial myofibroblasts.  A: Membrane current in response to a 
low-pH solution and 100 µM ATP, Vh -60 mV.  B: Membrane current in response to exposure to a 
superfusate of pH 4.83.  In the different panels the holding potential of the cell was held at the 
various values indicated.  C:  Plot of the peak current as a function of holding potential for the data 
shown in part B.  The reversal potential, Erev, is indicated.   
 
Figure 3.  A: The effect of 1 mM Na nitroprusside (SNP) on membrane currents elicited by 100 M 
ATP.  B:  The effect of 5 M capsaicin on membrane currents and intracellular Ca2+-transients 
elicited by 30 M ATP.  Vh, -60 mV in both traces.   
 
Figure 4.  A:  Membrane currents elicited by 100 M ATP in an isolated cell (left), when touching 
loosely on a second cell (middle), and more firmly on the second cell (right).  A drawing of the 
experimental system is shown below.  B:  Continuous tracing of membrane current showing inward 
transients elicited by repeated exposures to 30 M ATP.  At the first arrow isolated detrusor 
myocytes were also added to the cell chamber, at the second arrow the myofibroblast from which 
recordings were made was pressed firmly against a smooth muscle cell.  Vh, -60 mV.   
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Figure 5.  A:  The magnitude of peak inward current induced by 100 M ATP from isolated cells or 
cell pairs; values normalized to unit cell capacitance Vh = -60 mV, *p<0.05.  B: continuous recording 
of membrane current (Vh, -60 mV) in response to repeated exposures of 100 M ATP.  After the 
second exposure a cell pair was formed.  The breaks in the record correspond to times when 
membrane capacitance was estimated, the values are indicated at the arrows. 
 
Figure 6.  Cell-pairs reduce the threshold to ATP and low-pH A: Continuous recording of membrane 
current from an isolated myofibroblast when exposed repeatedly to 7.5 M ATP.  Exposures were 
made when the cell was isolated (i), when forming a cell pair (ii) and when again isolated (iii).  The 
intervals between records (i) and (ii) and between (ii) and (iii) were 1078 and 2251 s respectively.  B:  
Similar protocol when an isolated myofibroblast was exposed repeatedly to low-pH solution, pH 
5.50.  Exposures were made when: (i) the cell was isolated; (ii) when forming a cell pair; (iii) when 
again isolated; (iv) when re-forming the same cell pair.  The intervals between the exposures were 
710, 719 and 1362 s respectively. Vh=-60 mV in both experiments. 
 
Figure 7.  The effect of glivec on ATP-induced inward current.  A:  Continuous recording of 
membrane current with repeated exposures to 20 M ATP.  The preparation was exposed to 20 M 
glivec during the second and third exposures to ATP.  Before the second exposure to ATP a cell pair 
was formed at the arrow: Vh=-60 mV.  B:  The percentage increase of membrane currents to 100 M 
ATP on formation of cell pairs under control conditions, during exposure to DMSO (0.1 % v/v), 
during exposure to glivec (5-30 M), and after removal of glivec.  The final data set was corrected 
for run-down of the response (see text for details), * p<0.05 with respect to control. 
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Figure 8.  The effect of glivec on whole rat bladder sheets.  A: effect of 30 µM glivec on spontaneous 
activity in bladder sheets from a normal adult rat (left) and a SCT rat (right).  Note the difference in 
time and contraction calibration bars.  B: Ca2+ isochronal maps from: (i) a normal rat bladder sheet; 
(ii) a SCT rat bladder sheet; and (iii) a SCT rat bladder sheet  in the presence of 30 M Glivec.. 
Isochrones represent successive conduction delays of 44 ms. 
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Figure 7 
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Figure 8 
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